Dentin matrix metalloproteinases (MMPs) are involved in collagen degradation of resin-dentin interfaces. This study evaluated if collagen degradation can be prevented by chlorhexidine after different dentin demineralization procedures. Human dentin demineralization was performed with phosphoric acid (PA), EDTA, or acidic monomers (ClearfilSEBond and XENOV). Specimens were stored (24 h, 1 wk or 3 wk) in the presence or absence of chlorhexidine. In half of the groups, active MMP-2 was incorporated into the storing solution. C-terminal telopeptide determination (ICTP) was performed in the supernatants. Collagen degradation was higher in PA and EDTAdemineralized dentin. Chlorhexidine reduced collagen degradation in these groups only for 24 h. When dentin was demineralized with SEBond or Xeno, collagen degradation was reduced up to 30%, but addition of exogenous MMP-2 significantly increased collagen degradation. In selfetchant treated dentin the inhibitory effect of chlorhexidine on MMPs lasted up to 3 wk. Treating dentin with EDTA, PA or self-etching agents produces enough demineralization to permit cleavage of the exposed collagen. Monomers infiltration may exert protection on demineralized collagen, probably through immobilization of MMPs. The partial inhibitory action of CHX on MMP activity produced by self-etching adhesives was prolonged compared to the short-acting in PA or EDTA-treated dentin.
INTRODUCTION
Matrix metalloproteinases (MMPs) are proteinases that participate in extracellular matrix (ECM) degradation (1) . They constitute a large family of zinc-and calcium-dependent endopeptidases that participate in many physiologic and pathologic processes (2) . The MMPs are secreted as proenzymes (zymogens) and are activated via step-wise mechanisms. They can be activated by proteinases or in vitro by chemical agents, such as thiol-modifying agents, oxidized glutathione, chaotropic agents, reactive oxygen species and heat treatment. Low pH and heat treatment can also lead to activation. These agents and procedures most likely work through the disruption of the cysteine-zinc binding (2) .
Odontoblasts synthesize MMPs that participate in tooth development (3), dentin caries progression (4, 5) and hybrid layer degradation in resin-dentin bonded restorations (6, 7, 8) . Under physiological conditions, the activity of MMPs is precisely regulated at the level of transcription of the precursor zymogens via interaction with specific ECM components and inhibition by endogenous inhibitors (TIMPS) (2) .
In vitro (9) and in vivo (6, 10) collagen degradation occurs within incompletely resininfiltrated hybrid layers in bonded dentin over time, has been reported and attributed to the action of host-derived MMPs (11) . Controversy exists over the interaction of phosphoric acid with MMPs. It has been reported that phosphoric acid increased dentin MMP activity (7, 12) while MAZZONI et al. (8) reported that phosphoric acid (PA) decreased dentin MMP activity under different experimental conditions. Self-etching adhesives have also been shown to increase (13, 14, 15) or not affect (12, 16) MMPs activity.
The use of chlorhexidine digluconate (CHX) as a therapeutic primer (after PAdemineralization) to stabilize the adhesive interface over time has been previously shown (6, 7) . Even though, the relationship between the collagenolytic activity of dentin and the role of MMPs in hybrid layer degradation has been reported, the exact mechanism of CHX inhibition of MMPs require further clarification. Aqueous 2% CHX prevented decline in bond strength and even at lower concentrations (19, 12) . CHX is an amphiphilic molecule that binds to several proteins by a cation-chelating mechanism. CHX may inhibit MMPs catalytic activity by Zn 2+ or Ca 2+ binding (12) . Consensus seems to exist about the use of CHX on demineralized human dentin to preserve the collagen matrix in hybrid layers by inhibiting activated MMPs (6, 7, 17) . However, the effect of CHX in self-etching adhesivetreated dentin has not been determined. This study tested the null hypotheses that collagenolytic activity of MMPs in dentin is not altered by different dentin etching procedures or chlorhexidine application.
MATERIALS AND METHODS
A human dentin beam degradation assay was performed. Ten extracted non-carious human third molars were obtained with informed consent from donors younger than 25 yr of age, under a protocol approved by the Institution review board. The teeth were stored in 0.01% (w/v) thymol solution at 4°C and used within one week after extraction. A dentin disk (0.75 mm ± 0.08 mm thick) was obtained from the mid-coronal portion of each tooth using a diamond saw under water cooling. Four dentin beams (0.75 mm × 0.75 mm × 5.0 mm) were obtained from each dentin disk as described by CARVALHO et al. (18) . Thus, 40 beams were available.
Eight dentin beams were included in each of five groups: 1) mineralized dentin, 2) demineralized beams created by 10% PA (pH 1.0) for 12 h at 25°C (PA-demineralized) (19); 3) demineralized beams created by 0.5 M EDTA (pH 7.4) (EDTA-treated) for 6 d at 25°C (19); 4) immersion of mineralized beams in Clearfil SE Bond primer (Kuraray Medical Inc., Tokyo, Japan) for 12 h (SE-treated) (20) ; and 5) immersion of mineralized beams in Xeno V (Dentsply DeTrey, Konstanz, Germany) for 12 h (XE-treated) (20) . The demineralization process was performed at 25°C in the dark. After removing beams from demineralizing selfetchants, polymerization was performed. The samples were irradiated in different positions for 40 s until the entire area was exposed. The light was tested for light output (600 mW/ cm2) by means of a Demetron radiometer (Model 100, Demetron Research Corp., Danbury, CT).
Dentin beams were rinsed in deionized water under constant stirring at 4°C for 72 h to remove PA, EDTA and the unpolymerized self-etching primer/adhesive comonomers. They were dried over anhydrous calcium sulphate for 8 h. The dry mass of each dentin beam was measured with a digital microbalance -accuracy: 0.01 mg-(Analytical Digital Microbalance Model HM-202, A&D Engineering Inc., San Jose, CA, USA). Specimens were rehydrated in 0.9% NaCl containing 10 U/ml of penicillin G and 300 g/ml of streptomycin (pH 7.0) for 24 h.
Mineralized dentin (10 mg) or demineralized dentin (2 mg) (two dentin beams) were placed in Eppendorf tubes. Two incubation media were utilized: 1) artificial saliva (AS) containing 50 mM HEPES, 5 mM CaCl 2 .2H 2 O, 0.001 mM ZnCl 2 ,150 mM NaCl and 100 U/ml penicillin, 1000 g/mL streptomycin (pH 7.2); 2) 40 mM CHX in AS (pH 7.4). Active MMP-2 was added at a dilution of 1:10 in buffer solution (50 mM borate, 5 mM CaCl 2 , 20% glycerol, 0.005% Brij 35) to half of the specimens in each group (pH 7.5). The final concentration of active MMP-2 was 0.01 g/ l. The sources of the chemicals used in this study are listed in Table 1 .
Dentin beam specimens were incubated in 500 l of media at 37°C for 24 h, 1 wk or 3 wk. Supernatants of the media after each storage period were withdrawn after agitation and analyzed for the release of collagen degradation product (C-terminal telopeptide of type I collagen -ICTP-) using a radioimmunoassay kit (ICTP-RIA Cat. No. 68601, Orion Diagnostica Oy, FI-02101 Espoo, Finland). A standard curve was constructed with ICTP ranging from 0.01 to 250 g/l. Each measurement was performed in triplicate. The amount of liberated ICTP from the PA-demineralized dentin in the absence of CHX and in the presence of active MMP-2 after 3 wk was set to 100%. Collagen degradation in the other groups was calculated in each single experiment as a percent of this value (21) .
The ICTP concentration values were analyzed by ANOVA and Student-Newman-Keuls multiple comparison. Differences between storage times were analyzed by Friedman's and Wilcoxon pair-wise comparisons tests. Significance was considered at P<0.05
RESULTS
Mean ICTP values were affected by the conditioning media (F = 164.70; P < 0.001), dentin demineralization treatment (F = 382.23; P < 0.001) and by storage time (F = 125.34; P< 0.001). Interactions were also significant (P < 0.001). The power of the ANOVA was 0.90.
The total amount of ICTP liberated from the dentin beams is listed in Table 2 and the percentage of collagen degradation in the different incubation media and time points in the absence or presence of active MMP-2 are presented in Figs. 1, 2 and 3.
Mineralized dentin beams released only negligible amounts of ICTP: 0.87 g/L (24 h) to 4.04 g/L (3 wk) that represented 0.4 to 1.8% of collagen degradation, respectively. When exogenous MMP-2 was added to the incubation media, the amount of ICTP liberated from the beams increased significantly (p<0.05) and ranged from 4.46 g/L (24 h) to 9.02 g/L (3 wk), which represented 1.9 to 4 % of collagen degradation.
The amount of collagen degradation was significantly higher in both PA-and EDTAdemineralized dentin (p < 0.001) compared to mineralized dentin without significant differences between them. The total amount of ICTP liberated after storage of PAdemineralized dentin in artificial saliva ranged from 70.01 g/l (24 h) to 178.23 g/l (3 wk), and corresponded to 31 and 79% of collagen degradation, respectively. For EDTAdemineralized dentin incubated in artificial saliva, the ICTP release values ranging from 80.46 g/l (24 h) to 160.34 g/l (3 wk) and correspond to 36% and 71% of collagen degradation, respectively. In both groups, the ICTP values increased between 24 h and 1 wk and then remained stable.
For PA-demineralized dentin, when exogenous active MMP-2 was added, ICTP values ranged from 210.12 g/l -93% collagen degradation after 24h to 225.44 g/l -100% collagen degradation after 3 wk. Similar values were obtained for EDTA-demineralized dentin. The addition of MMP-2 into the incubation media surrounding EDTA-demineralized dentin generated ICTP values from 212.78 g/l (94% collagen degradation after 24 h) to 220.43 g/l (97.7% collagen degradation after 3 wk). No significant differences were found in the amount of ICTP liberated from dentin between the three storage periods in these groups.
ICTP values for SE-and XE-treated dentin were significantly higher than those of mineralized dentin at the three study periods. The total amount of ICTP liberated after storage of SE-treated dentin in AS ranged from 12.24 g/l (24 h) to 49.97 g/l (3 wk), and corresponded to 5.4 and 22.2 % of collagen degradation, respectively. For XE-treated dentin 27.96 g/l of ICTP at 24 h and 69.32 g/l at 3 wk were obtained (12.4 and 30.8 % collagen degradation). These values did increase significantly after 1 wk of incubation, and remained stable after the 3 weeks storage period. However, SE-and XE-treated dentin beams liberated significantly lower amounts of ICTP than PA-and EDTA-demineralized dentin at 24 h of incubation in artificial saliva. When exogenous MMP-2 was added to the incubation media, ICTP values were augmented significantly (p<0.05), ranging from 150 g/l (collagen degradation: 66.6%, 24 h) for SE-treated dentin, and 155 g/l (collagen degradation: 68.8%, 24 h) for XE-treated dentin to 147.84 g/l and 140.51 g/l (3 wk), respectively; that is, 66% and 62% of collagen degradation. When exogenous MMP-2 was added, the amount of collagen degradation was similar during the 3 storage periods.
CHX digluconate significantly (p<0.05) reduced the percentage of collagen degradation in PA-demineralized dentin (up to 19% or 26% reduction in collagen degradation in the absence or presence of active MMP-2, respectively). Reduction of collagen degradation in the presence of chlorhexidine was also found in EDTA-treated dentin (28% without and 67% reduction in collagen degradation with exogenous MMP-2 addition). But, this inhibition was only observed at the 24 h evaluation period. For SE-treated and XE-treated dentin, CHX digluconate significantly reduced collagen degradation (collagen degradation was reduced in SE-treated dentin up to 2.7% or 47%; and in XE-treated dentin up to 9.5% or 50%, in the absence or presence of active MMP-2 respectively). The inhibitory effect of CHX was maintained at least up to 3 wk of storage (differences on collagen degradation between groups with or without CHX were 8.7% for SE-treated dentin and 16.4% for XEtreated dentin). However, when exogenous MMP-2 was added into the storing solution, the protective effect of CHX was only found at the 24 h evaluation period.
DISCUSSION
The ICTP is the carboxy-terminal telopeptide region of type I collagen which is liberated during degradation of mature type I collagen. The telopeptide is produced through the action of matrix metalloproteinases. Determination of ICTP is one of the most reliable techniques to quantify enzymatic activity on type I collagen (22, 23) . Assessment of other collagen fragments such as hydroxyproline (19) or even CTX-epitope of C-telopeptide may not be as sensitive or specific (24) . It has been stated that among known collagenolytic proteinases relevant to hard tissue resorption, only MMPs can generate ICTP and, this release is inhibited by MMP-inhibitors but not by cysteine proteinase inhibitors. Thus, determination of ICTP is preferred to other less specific collagen fragments for detecting the activity of MMPs (24) .
Dentin beams were employed as it is important to confirm the activity of MMP inhibitors against the native substrate and, where possible, in the presence of TIMPs (25) . Active MMP-2 was added to half of the specimens in each group, because using dentin beams, only low concentrations of ICTP were liberated, reducing the sensitivity in identifying potentially less effective inhibitors. Active MMP addition may also help to overcome the problem of variations in MMP concentration in dentin beams derived from different donors.
In dentin substrates, MMP activity has been assessed by gelatin zymography (15, 26) , but profiling is limited. In the present study, monitoring substrate degradation was employed. The technique is only limited by the overlapping substrate specificity of metzincin subfamilies, so quantification of individual proteinases activity is not possible (22) .
The results of this study do not support the null hypothesis that collagenolytic activity of MMPs in dentin is not altered by dentin etching or CHX application. The amount of collagen degradation obtained from the mineralized dentin beams (ca. 5%, even in the presence of exogenous active MMP-2) confirm that dentin collagen is not degraded if it remains in its mineralized state (22) .
EDTA-demineralized dentin presented similar collagen degradation values than PAdemineralized dentin. Ultrastructural features of collagen in EDTA and PA demineralized dentin beams were found to be similar for both groups (19) . As EDTA has been shown to be an effective Zn 2+ and Ca 2+ chelator (27) , it was expected to inhibit MMP activity. However, EDTA (or Ca-EDTA) has to be present in excess, relative to Zn 2+ , in order to observe the chelating efficiency of EDTA (27) . In our study, most traces of EDTA were removed from dentin by prolongued water rinsing, so no residual EDTA in EDTA-demineralized dentin beams was able to produce MMP inhibition. The similarity of the ICTP values in PA-and EDTA-treated dentin suggests there was no residual inhibition of EDTA. Further research has to be conducted to test MMP activity after the addition of excess EDTA to the storage media.
The proteolytic activity of MMPs in SE or XE-treated dentin was significantly lower than that of PA-and EDTA-demineralized dentin at 24 h (producing percent collagen degradation of 5.4%, 12.4%, 31% and 35.5% for SE-XE-and EDTA-treated, and PAdemineralized dentin respectively). These results are in agreement with DE MUNCK et al. (12) who found, by gelatin zymography, that no release/activation of MMP-2 and MMP-9 occurred after the application of self-etch adhesives to powdered dentin. Hydroxyethyl methacrylate (HEMA) was also shown to inhibit the activity of MMP-2 by zymography (16) . The possible coordination of the hydroxyl group of HEMA with the bivalent cation (Zn 2+ ) that is present in the catalytic domain of MMPs was suggested as main inhibitory mechanism (16, 28) . The results in the present study are consistent with recent findings in which adsorption of soluble MMPs to biomedical polymers (especially to resins such as polymethylmethacrylate and polyHEMA) resulted in reversible blocking of the MMPs (29, 30) . The durability of this adsorption/blocking mechanism remains to be determined. It is possible that the resins may molecularly immobilize the catalytic sites of MMPs in a manner that is analogous to molecular imprinting of enzyme-template complexes (31) . The difference between resin immobilization of MMPs and true molecular imprinting is that the template (collagen, MMPs, etc.) is not removed. That is, the adhesive resin encapsulates the MMPs and occupies their catalytic sites.
In our study, ICTP concentration remained stable (up to 3 wk). SE and XE-treated dentin beams liberated significantly less ICTP than EDTA or PA-treated dentin groups. The same trend was observed after exogenous MMP-2 addition, even when ICTP values were higher. The results suggest the existence of a concentration-dependant blocking mechanism. DE MUNCK et al. (12) opined that the absence of MMP activity in the incubation medium in their study after mild self-etching blends application may be due to a minor decalcification effect of those adhesives on dentin. However, ICTP values significantly increased after addition of active MMPs, showing that collagen is sufficiently demineralized to be cleaved by active MMP-2.
CHX digluconate reduced collagen degradation in PA-etched dentin (up to 56% and up to 27.6% in the absence and presence of exogenous MMP-2, respectively). CHX digluconate has been identified as a zinc chelator (32, 33) . The inhibitory effect of CHX on dentin MMPs was previously shown (6, 7, 19) , but our data demonstrate that this effect may be limited to a 24 h period in non-resin infiltrated PA and EDTA-treated dentin. These results are consistent with the recent findings that CHX pre-treatment of etch-&-rinse adhesive-bonded acid-etched dentin failed to prevent hybrid layer degradation after 9 months of initial inhibition of endogenous collagenolytic activities in dentin (34) . CHX in solution may produce digluconate anions which may result in gradual precipitation in the presence of other mono-and divalent cations derived from body fluids (35) . Moreover, as CHX only binds electrostatically to demineralized dentin collagen (36) , it may slowly diffuse out of a collagen matrix via a competitive desorption mechanism in the presence of other cations.
The liberation of ICTP in XE and SE-treated dentin was inhibited by CHX digluconate at 24 h, and this inhibitory effect was maintained during the entire study period. CHX salts in solution bind to hydrophilic polymers; carboxyl groups from polyHEMA provide anionic binding sites for the cationic CHX molecules during their sorption from solution (37) . These polymers may also be permeable to CHX (38, 39) . Polymers have been previously proposed as CHX delivery materials (40, 41) .
When active exogenous MMP-2 was added to the storage solution of SE-and XE-treated dentin beams in the presence of CHX, the observed inhibitory effect on collagen degradation was limited to 24 h. It has to be mentioned that active MMPs have to be diluted in Brij 35. Brij 35 is a detergent solution (nonionic polyoxyethylene surfactant) that is able to remove unreacted reagents from permeable solids, as it is usually employed to aid in reagent drainage. A clearance of chlorhexidine from monomers may have occurred. Detergents (42) and nonionic chemical cleaners are known to deactivate CHX (43) .
Within the limits of this study, it may be concluded that the collagenolytic activity of dentin MMPs exist when dentin is demineralized. Collagen cleavage by MMPs is higher in EDTA or PA-treated dentin than in dentin treated by self-etching adhesives. The self-etching adhesives examined in the present study are able to produce enough decalcification in dentin to permit collagen cleavage by MMPs. The presence of hydrophilic monomers such as HEMA may have inhibited collagen degradation in the SE-and XE-treated groups, probably through adsorption of MMPs, and facilitate a prolonged inhibitory effect of CHX on MMPs within the demineralized dentin. Whether, this mechanism operates at resin-dentin bonded interfaces remains to be determined. Mean and SD of collagen degradation (%) of mineralized and treated human dentin explants after different storage times. Without (left), and with (right) addition of active MMP-2. 1a and 1b after 24 h; 1c and 1d after 1 wk; 1e and 1f after 3 wk. AS: artificial saliva; MMP2: active metalloproteinase 2; CHX: digluconate chlorhexidine; MIN: mineralized dentin; PA: phosphoric acid demineralized dentin; EDTA: EDTAdemineralized dentin; SE: Clearfil SE Bond-treated dentin; XE: Xeno V-treated dentin. The amount of ICTP liberated from the PA-demineralized dentin in the absence of chlorhexidine, and in the presence of active MMP-2 after 3 weeks was set to 100%, and the collagen degradation in the rest of the groups was calculated in each single experiment as a percent of this value. Table 1 Chemicals used in the experiment.
